Abstract To systematically evaluate genetic susceptibility to type 2 diabetes (T2D) in ''candidate'' regions on chromosomes 1q, 3q and 12q, we examined disease association by using a total of 2,083 SNPs in two-step screening; a screening panel comprised 473 cases and 285 controls and an extended (or combined) panel involved 658 cases and 474 controls. For the total interval screened (40.9 Mb), suggestive evidence of association was provided for several annotated gene loci. For example, in the MCF2L2 gene on 3q, a significant association (a nominal P value of 0.00009) was observed when logistic regression analysis was performed for three associated SNPs (rs684846, rs35069869 and rs35368790) that belonged to different LD groups. Also, in the SLC15A4 gene on 12q, rs3765108 showed a marginally significant association with an overall estimated odds ratio of 0.79 (P = 0.001). No significant association was found for known candidate gene loci on 3q, such as ADIPOQ and IGF2BP2. Using the available samples, we have observed disease associations of SNPs derived from two novel gene loci in the Japanese population through high-density searches of diabetes susceptibility in three chromosomal regions. Independent replication will clarify the etiological relevance of these genomic loci to T2D.
progress in the elucidation of the genes involved (Florez et al. 2003) . Over the last decade, multiple genome-wide linkage analyses have been conducted by using microsatellite markers to localize genes influencing diabetes status and/or associated metabolic trait phenotypes in a number of populations derived from various ethnic groups. While few single studies have so far yielded definitive evidence for ''principal'' diabetes susceptibility gene(s), some of these studies provide consistency of linkage results in several chromosomal regions (Stern 2002) . Peaks of linkage have been mapped to a relatively broad interval (10) (11) (12) (13) (14) (15) (16) (17) (18) (19) (20) and the challenge of narrowing these regions to facilitate gene discovery remains formidable. Nevertheless, the linkages that have been replicated thus far provide good starting points to explore functional variants in T2D susceptibility genes.
On chromosomes 1q, 3q and 12q, suggestive evidence of linkage to T2D has been repeatedly documented in several ethnic groups. Here, it is worth noting that replications have been reported in at least two different ethnic groups even when linkages are limited to phenotypes related directly to the trait of diabetes, i.e., when those related to obesity or other metabolic variables are not considered. Also, these three regions are known to harbor positional candidate genes of physiological importance. On chromosome 1q, significant linkage has been reported in Caucasian (Elbein et al. 1999; Vionnet et al. 2000; Wiltshire et al. 2001) , Pima Indian (Hanson et al. 1998) and Chinese (Ng et al. 2004 ) populations, with the LOD score peaks being located in an interval between 166 and 186 cM (according to the Marshfield map, http://research.marshfieldclinic.org/genetics/), near the apolipoprotein A-II (APOA2) gene. On chromosome 3q, significant linkage has been also reported in Caucasian (Vionnet et al. 2000) , Native American (Oji-Cree) (Hegele et al. 1999) and Japanese populations, with the LOD score peaks being located in an interval between 214 and 217 cM, near the adiponectin (ADIPOQ) gene. Furthermore, on chromosome 12q, significant linkage has been reported in Caucasian (Mahtani et al. 1996; Shaw et al. 1998; Bowden et al. 1997; Ehm et al. 2000) and African-American (Ehm et al. 2000) populations, with the LOD score peaks being located in an interval between 135 and 145 cM, near the HNF-1a, or tissue factor 1 (TCF1) gene. Within the three regions, IGF2BP2 on chromosome 3q was reported to confer diabetes susceptibility in a recent whole-genome association study in Caucasians (Diabetes Genetics Initiative of Broad Institute of Harvard and MIT, Lund University, and Novartis Institutes for BioMedical Research 2007; Zeggini et al. 2007; Scott et al. 2007) .
To systematically evaluate genetic susceptibility to T2D in the relevant regions, we performed an extensive ''candidate region'' approach with a case-control association study on chromosomes 1q, 3q and 12q, where linkage to T2D had been identified through several genome-wide searches with substantial overlap (Stern 2002) .
Subjects and methods

Study population and marker genotyping
Participants were recruited from the patients and their spouses who came regularly to the outpatient clinic of the Hospital of International Medical Center of Japan in Tokyo and the Hiranuma Clinic in Yokohama, both of which are located in the metropolitan area of Japan. The diagnosis of T2D was based on the criteria of the World Health Organization. The patients with secondary diabetic disorders and maturity onset diabetes of the young were excluded. The normal control subjects were selected according to the following criteria: no past history of urinary glucose or glucose intolerance, an HbA 1c level \5.6% or a normal glucose (75g) tolerance test, and age [60 years. Thus, a total of 658 cases and 474 controls were enrolled in the present study. All study subjects were unrelated, and they gave written consent for participation after being informed of the purpose of the study. The study protocol was approved by the ethics committee of the International Medical Center of Japan.
The SNPs for genotyping were initially selected from the TaqMan Ò SNP Genotyping Assays (Applied Biosystems, Foster City, CA, USA) in the candidate regions for T2D on chromosomes 1q, 3q and 12q. We focused on the 1q region spanning a 6.7-Mb interval (from D1S398 to D1S2878), the 3q region spanning a 19.1-Mb interval (from D3S1565 to D3S1601) and the 12q region spanning a 15.2-Mb interval (from D12S369 to D12S1714), each of which corresponded to a LOD-1 interval from the previous studies showing significant linkages (Stern 2002) . While some were excluded due to a low minor allele frequency (MAF) in the Japanese, i.e., \0.05, a consecutive set of the TaqMan Ò Assays were used for the screening of diabetes susceptibility gene(s) on each chromosome. Also, in several regions where appropriate SNPs were unavailable from the TaqMan Ò Assays, we sought polymorphic markers from the dbSNP or JSNP (Japanese SNP) databases alternatively. Two-step screening was performed as follows. First, all of the aforementioned SNPs were genotyped in a screening panel comprising 473 cases and 285 controls (Table 1) . Second, after evaluating the statistical significance by using two test statistics (the MAX trend test for genotype distributions described below and independence on [2 9 2] contingency table for allele frequencies), SNPs that showed significant (P \ 0.01) differences in either of the tests were further examined in a combined panel involving an additional panel of 185 cases and 189 controls plus the screening panel. Subsequent to the initial screening, as few significant SNPs within annotated genes could be detected in the 1q and 12q regions studied, the threshold was relaxed from P \ 0.01 to P \ 0.05 to pick up relatively modest associations. In order to include the gaps within 10 kb from the SNPs that showed modestly significant (P \ 0.05) associations in the initial screening, we genotyped additional SNPs when applicable. A total of 2,083 SNPs with MAF C 0.05 were genotyped; 396 SNPs in a 6.7-Mb interval on 1q (an adjacent marker interval was 16.9 ± 1.1 kb), 948 SNPs in a 19.1-Mb interval on 3q (an adjacent marker interval was 20.2 ± 0.7 kb) and 739 SNPs in a 15.2-Mb interval on 12q (an adjacent marker interval was 20.5 ± 0.9 kb). This set of SNPs covered a total of 407 genes (120 on 1q, 143 on 3q and 144 on 12q) that were annotated in the relevant chromosomal regions (NCBI Build 36.2). The arbitrary threshold of statistical significance in the combined panel was set to be P \ 0.01 in either of the two tests.
In the ADIPOQ and IGF2BP2 gene regions, we genotyped a number of SNPs including those that had previously shown significant association with T2D (Scott et al. 2007; Rodriguez et al. 2007; Hara et al. 2002; Nakatani et al. 2005) . All clinical assessments were performed using uniform standards. The current body mass index (BMI) was directly measured when blood samples were collected for DNA analysis. The age at onset of diabetes, maximum BMI, alcohol consumption and habitual smoking were obtained from direct interviews by trained interviewers. Values are means ± SD *P \ 0.05; **P \ 0.001; ANOVA was performed between the screening panel and the additional panel for case and control groups, respectively
Statistical analysis
Association analysis
The SNPs were tested individually for the statistical significance of disease association by using the v 2 -test statistic for the allele-based test and the MAX trend test (the maximum of the standardized version of the three tests optimal for additive, dominant and recessive modes of inheritance, which is robust and powerful when the underlying genetic model is unknown) with the P value computed by permutation for the genotype-based test (Freidlin et al. 2002) . SNP genotype departures from Hardy-Weinberg equilibrium (HWE) were tested using a v 2 -test with one degree of freedom with a cut-off P value of 0.0001 for cases and 0.001 for controls. The extent of linkage disequilibrium (LD) was measured in terms of an LD coefficient r 2 before the analysis of haplotype structure. By categorizing any pair of SNPs having r 2 C 0.6 (but not necessarily adjacent on the chromosome) into the same LD group, we defined LD groups along the chromosomal regions studied. Within each LD group, haplotypes were inferred from genotype data by the SNPHAP software (http://archimedes.well.ox.ac.uk/ pise/snphap-simple.html) jointly for the cases and controls. This restriction of SNPs to those constituting individual LD groups could enhance the power to detect a disease locus (Takeuchi et al. 2005) . Haplotype class counts for the separate case and control samples were then calculated, where haplotypes with frequencies less than 1% were neglected. (Takeuchi et al. 2005 ).
Genetic analysis in the selected candidates
Calculation of false discovery rate
To account for multiple testing of 2,083 SNPs, we evaluated the false discovery rate (FDR), a practical and powerful approach to multiple testing (Benjamini and Hochberg 1995) , at P values observed for individual genetic markers separately in individual chromosomal regions, which each have prior evidence as shown by linkage scans. The FDR is determined from the observed P value distribution to provide a measure of the expected proportion of false positives among the data. The FDR differs from the P value and higher values can be tolerated for FDRs than for P values in some contexts.
Results
Association study
A total of 658 diabetic patients and 474 control subjects were enrolled in the present study. The clinical characteristics of the study panel are described in Table 1 . Overall success rate and accuracy of the genotyping assay exceeded 95 and 99.9%, respectively. In some instances (less than 5%), where genotyping data were not clearly distinguished in the scatter plot of the TaqMan Ò Assays or were not consistent with HWE, we sought alternative SNPs for the replacement. After the placement of additional SNP markers in the regions where suggestive association (P \ 0.05) was detected in the initial SNP marker set, among a total of 2,083 SNPs we found two SNPs on 1q, 19 SNPs on 3q and ten SNPs on 12q to be significantly (P \ 0.01 in either the genotype-based or allele-based test) associated with T2D in the initial screening (''Electronic supplementary material,'' Fig. S1 ). These 31 SNPs and 49 SNPs that were additionally selected with the relaxed threshold (P \ 0.05) on 1q and 12q, and the 110 SNPs that were located in the regions of interest, were further genotyped in the additional panel. Since we had adopted relatively generous criteria for screening of association signals, we estimated type I error probability for the two-step screening and then evaluated FDR to account for multiple testing in the entire screening. FDR was 1.73 on 1q (n = 1), 0.80 on 3q (n = 8) and 0.51 on 12q (n = 15) for the SNPs showing significant association, respectively. Here, in each chromosomal region, FDR was calculated for a set of SNPs (the number of SNPs depicted in the parentheses above) showing P \ 0.01 in the combined panel and a concordant tendency for odds ratio (OR) in the screening and additional panels (Table 2) .
On chromosome 3q, we observed the strongest evidence for association in the MCF2L2 region (Fig. 1A) but not in either the ADIPOQ (Fig. 1C) or the IGF2BP2 regions in our studied population. Five SNPs spanning a 134-kb interval showed P = 0.002*0.008 in MCF2L2 (Table 2 and ''Electronic supplementary material'' Table S1A), whereas four SNPs in ADIPOQ and one SNP in IGF2BP2 that was previously reported (Scott et al. 2007; Rodriguez et al. 2007; Hara et al. 2002; Nakatani et al. 2005) failed to show significant association in the combined panel. On chromosome 12q, we observed significant evidence for association in the SLC15A4 region (Fig. 1B) ; nine SNPs spanning a 27-kb interval showed P = 0.001-0.007 in SLC15A4 (Table 2 and ''ESM'' Table  S1B ). We examined disease association in nine other regions where significant P values (P \ 0.01) were detected in the combined panel (Table 2 ). Despite detailed investigation of the neighboring SNPs, no strong evidence in favor of diabetes susceptibility genes was obtained in any of these regions (''ESM'' Tables S1C, S1D, S1E and S1F and ''ESM'' Figs. S1 and S2).
We further performed haplotype analysis by defining LD groups along the chromosomal regions and a total of 353 LD groups (which comprised more than one SNP with MAF C 0.05)-72 on 1q, 175 on 3q and 106 on 12q-were constructed at the level of r 2 C 0.6. None of the LD groups had P values larger than the Bonferroni correction of 0.05, which is divided by the number of groups in the individual regions (data not shown).
Genetic analysis in the MCF2L2 and SLC15A4 genes
We tested disease association with a total of 39 SNPs including additional 12 tag SNPs within the MCF2L2 gene that consisted of 36 introns spanning 250-kb on chromosome 3q. We found five SNPs-rs670232, rs684846, rs6783373, rs35069869 and rs35368790-to be significantly (P \ 0.01) associated with T2D in the combined panel ( Table 2 ). The P values for significant SNPs were similar between the ones calculated with the allele frequency and the ones calculated by using logistic regression to test the additive model with the adjustment for sex and BMI (''ESM'' Table S2 ). According to the pattern of LD, there were five LD blocks in MCF2L2 (Fig. 2) . The five significant SNPs belonged to three distinct LD blocks, and the significant SNPs from different blocks were in linkage equilibrium (r 2 \ 0.05). There was no haplotype class showing more significant disease association than individual SNPs (data not shown). Also, to test the independence of multiple associated SNPs in MCF2L2, we performed logistic regression analysis by adjusting for sex and BMI as shown in Table 3 . Notably, three associated SNPs that belonged to different LD blocks-rs684846, rs35069869 and rs35368790-appeared to increase the risk of being diabetic in a multiplicative manner; i.e., the model fitness involving the three SNPs was significant with the v 2 -test statistic even when the effects of multiple testing in the chromosomal region were adjusted for by permutation (a nominal P = 0.00009 and an adjusted P = 0.014) (Table 3 ). Likewise, we tested disease association with a total of 18 SNPs including an additional nine tagged SNPs within the SLC15A4 gene that consisted of 12 introns spanning 30.8-kb on chromosome 12q. We found nine SNPs to be significantly (P \ 0.01) associated with T2D in the combined panel (Table 2 ). According to the pattern of LD, there appeared to be a single LD block in SLC15A4 (Fig. 2) . The SNP rs3765108 was most significant (P = 0.001) and other SNPs did not show additional contributions to disease association. Associations with nearby SNPs in strong LD were observed in this gene but not in the other positional candidates (e.g., RNF34 and AACS) on (Table S1A and B) . At the bottom, the locations of genetic markers studied in the corresponding genomic regions are shown in relation to gene structure Fig. 1A -C Association of markers from the MCF2L2, SLC15A4 and ADIPOQ regions with T2D. Results for SNPs genotyped in the screening and combined panels are shown with open circles and filled circles, respectively. Horizontal dotted lines indicate a -log 10 P value = 2, i.e., P = 0.01. A -log 10 P values of the differences in allele frequencies between case and control subjects were plotted against physical distance, as centered by the marker rs35069869 in MCF2L2. At the bottom, partial exons of known and predicted genes are shown. B -log 10 P values of the differences in allele frequencies between case and control subjects were plotted against physical distance, as centered by the most significantly associated marker rs3765108 in SLC15A4. C -log 10 P values of the differences in allele frequencies between case and control subjects were plotted against physical distance, as centered by the translation initiation site of ADIPOQ 12q. Moreover, although individual study panels (screening and additional panels) are rather modest in size, three SNPs in SLC15A4-rs3765108, rs7974764 and rs900982-showed borderline association (P \ 0.05) consistently in both panels (''ESM'' Table S3 ).
We further evaluated the potential impacts of obesity (in particular, history of obesity) on the observed disease associations in the MCF2L2 and SLC15A4 loci by subgrouping diabetic subjects according to the maximum BMI (''ESM'' Fig. S3 ). There were no apparent confounding influences of maximum BMI on disease association for the significant SNPs detected in the present study.
Discussion
Based on the linkage results from the previous studies (Stern 2002) , we have explored diabetes susceptibility genes over a combined 40.9-Mb interval that contains 407 annotated genes in three chromosomal regions. At the arbitrary threshold of P \ 0.01 for 3q and P \ 0.05 for 1q and 12q, 3.9% of the SNPs tested in the initial screening (80 out of 2051 SNPs) turned out to be significant, and we have attempted to validate them by increasing the study subjects. In terms of statistical significance of disease association, SNPs from MCF2L2 on chromosome 3q and those from SLC15A4 on chromosome 12q are of particular interest when we analyze the data in the combined panel (Table 2 ).
In the MCF2L2 region on chromosome 3q, we noticed that five SNPs are significantly associated with T2D, among which two pairs of SNPs are in strong LD to each other (Fig. 2) . Notably, logistic regression analysis involving rs684846, rs35069869 and rs35368790 has indicated the potential presence of allelic heterogeneity in MCF2L2 (Table 3) . These results need to be carefully interpreted, but similar findings of allelic heterogeneity have been reported in the association study of CETP gene variants regarding coronary artery disease (Horne et al. 2007) .
The MCF2L2 gene is considered to encode a Rho family guanine-nucleotide exchange factor, and it produces 14 different mRNAs by alternative splicing, whereas the detailed gene function remains unknown. Of note is the fact that ARHGEF11, which encodes the Rho guaninenucleotide exchange factor 11, was analyzed as a positional candidate gene for chromosome 1q linkage in Pima Indians because of its stimulatory activity on Rho-dependent signals, such as the insulin-signaling cascade, and a variation within ARHGEF11 appeared to nominally increase the risk of T2D (Ma et al. 2007) . By quantitative RT-PCR, we have found that this gene is expressed significantly in the whole To test the independence of multiple associated SNPs in the MCF2L2 gene, we performed logistic regression analysis, where the predictor variable was set to be the count of a major allele of a target SNP (0, 1 or 2) and the observed response was set to be the disease status (1 = diabetic, 0 = nondiabetic). Among the five SNPs that showed significant association with diabetes in the combined panel (Table 2) , we first selected three SNPs (rs684846, rs35069869 and rs35368790) based on the inter-SNP correlation (i.e., LD information) and statistical significance levels. The three SNPs belonged to different LD groups. The regression was adjusted by sex and BMI *The adjusted P-value was 0.014 according to 40,000 permutations for 39 SNPs that were actually genotyped in MCF2L2 and correction for multiple testing in the 3q region J Hum Genet (2008) 53:314-324 321 brain, and modestly in the pancreas, spleen and testis in humans. However, we could not identify the homolog of MCF2L2 in mice (data not shown).
On chromosome 12q, we have also detected several genes that contain SNPs showing significant disease association. Among such genes, SLC15A4 is highlighted as a potential candidate by our fine mapping of SNPs in the relevant genes (''ESM' ' Fig. S1 ). The SLC15A4 gene encodes a peptide-histidine transporter 4, which is expected to exhibit a proton-dependent oligopeptide transport activity in various tissues, including the pancreatic islets and colon. Though speculative, this gene may play a role in the entero-insular axis or protein nutrition regulated by insulin, similar to SLC15A1 (or PEPT1), another member of the proton-dependent oligopeptide transporters (Gangopadhyay et al. 2002) . Detailed investigation including independent replication of disease association will lead us to clarify the etiological relevance of SLC15A4 and the other potential candidate gene SNPs and/or haplotypes to diabetes.
On chromosome 1q, we have found a single SNP, rs4233387, in the NOS1AP gene that shows significant disease association in the combined panel. Despite our fine mapping, there was no further evidence supporting its pathophysiological involvement with the available samples.
In view of high-resolution marker genotyping, we should consider the statistical power and type I error probability; both issues are brought up by our screening strategy. First, to address the issue of statistical power, we have performed simulation analysis by calculating the ratio of times that the cut-off level (P \ 0.01) of association was surpassed among 1000-times simulation data sets (see explanation in the ''ESM''). For instance, when we test SNPs with an OR of 1.5 (as in the case of the rs684846 genotype of MCF2L2) for allele frequency comparison on chromosome 3q, we can expect the statistical power which represents the ratio of [true positives/(true positives + false negatives)] to be more than 64% (79% for chromosomal regions 1q and 12q) assuming a multiplicative or additive mode of inheritance, a disease allele frequency of between 0.2 and 0.8, and 10% prevalence. Next, we have estimated the sample size required for a replication study to achieve 80% statistical power at 5% type I error probability. To correct for the ascertainment bias and to overcome the ''winner's curse,'' i.e., overestimation of genetic effects based on the original data, we adjusted the ORs for significant SNPs according to the algorithm previously proposed (Zollner and Pritchard 2007) . The significant SNP, rs684846, in MCF2L2 showed an OR of 1.52 (Table 2 ) and its adjusted OR was 1.42, for which the necessary sample size was estimated to be 510 each of cases and controls. Likewise, rs3765108 in SLC15A4 showed an OR of 1.27 and an adjusted OR of 1.23, thus requiring 582 each of cases and controls. As for rs4402960 in IGF2BP2, which showed significant association in the Caucasian population, the necessary sample size was 1,619 each for cases and controls when adopting the OR of 1.14 observed in the Caucasians (Scott et al. 2007 ) and the associated variant frequency of 0.32 in our Japanese samples. In these estimations, we assumed a multiplicative mode of inheritance for the individual SNPs and 10% for the disease prevalence.
From a methodological point of view, however, we should bear in mind several limitations of the present study. When we consider the average marker density (1 SNP per 16.9-20.5 kb across three chromosomal regions) and the random selection procedure without utilizing LD information, there is likely to be a certain amount of common variations not captured. Across the three target regions, we have assessed the percentage of common variations that are covered by the SNPs genotyped in the present study. Approximately 75% (297 of 396, on 1q), 78% (739 of 948, on 3q) and 74% (547 of 739, on 12q) were shared with the HapMap database (Release 19), and 32% (on 1q), 38% (on 3q) and 27% (on 12q) of the HapMap SNPs (with MAF C 0.05) from JPT are estimated to have a high r 2 ([0.8) to one of SNPs genotyped. The remaining SNPs not in HapMap have captured further information on variations. Second, to evaluate the type I error probability caused by multiple testing, we have calculated the FDR at P-values observed for individual genetic markers. We have found the lowest FDR of 0.76 for significant SNPs in MCF2L2 and the lowest FDR of 0.39 for those in SLC15A4, when disease association is tested in the combined panel. Thus, even though far from definitive in the present study alone, the FDR analysis indicates that our results are worth following up. The only way to identify definitive findings from false positives is to replicate the results in other studies.
Another important issue is the lack of significant evidence for disease association in either the ADIPOQ (Fig. 1C) or IGF2BP2 regions on 3q in our Japanese population, contrary to previous findings (Table 2 ). This does not refute the disease causality of either of these genes by itself. Based on our power calculation as mentioned above, it is possible that the underpowered sample size results in the lack of evidence for association in the ADI-POQ and IGF2BP2 regions. It is also possible that diabetes susceptibility gene(s) differ among ethnic groups, since peaks of linkage have been mapped to a relatively broad region of chromosome 3q with partial overlapping.
Alternatively, we sought disease associations of the MCF2L2 and SLC15A4 genes in the Caucasian population by looking into the public data (the Wellcome Trust Case Control Consortium, http://www.wtccc.org.uk/info/ summary_stats.shtml, and the Diabetes Genetics Initiative, http://www.broad.mit.edu/diabetes/scandinavs/type2.html). Among SNPs in the publicly available data set, only one SNP (rs670232) in the MCF2L2 gene was common to the list of SNPs showing significant association in our study, and five SNPs in the SLC15A4 gene were in strong LD with our significant SNPs. However, the relevant SNPs did not show significant association in Caucasian populations (''ESM'' Table S4 ).
In conclusion, we have identified the MCF2L2 gene on chromosome 3q as a likely positional candidate for conferring genetic susceptibility to T2D in the Japanese population. Our data also indicate that on chromosome 12q, molecular variations in the SLC15A4 gene may increase the risk of T2D. These findings warrant further replication study, but if replicated, their biological relevance will become an issue of great interest.
